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ABSTRACT 
Correlations between fracture toughness and small-scale test 
results are useful due to cost, availability of material, and 
ease of testing. The material parameter, fracture toughness, can 
be used directly in design analyses. The small-scale test results, 
which are not designed to provide the information necessary to 
predict a failure load or critical flaw size, can provide this 
information through correlation with the fracture toughness. 
Possible small-scale tests for this type of relationship include 
the Charpy test, the nil-ductility transition temperature test, 
and the dynamic tear test. Correlations of Charpy test results for 
the upper shelf region and three types of transition region 
correlations are evaluated. When evaluating the proposed correla- 
tions, it is important to consider the effects of notch acuity and 
strain rate.' The effects of plate position and scatter of the 
experimental results are also noted. Due to the empirical nature 
of the correlations, no one correlation can be shown to be more 
accurate for all materials. A correlation developed for a material 
under consideration is obviously preferred. When such a correlation 
is not available, the author has recommended correlations likely to 
give conservative results. Recommendations for future study are 
made in order to more thoroughly understand the relationships 
between fracture toughness and small-scale test results. 
1.  Introduction 
The application of fracture mechanics to the design and 
maintenance of steel pressure vessels has become widespread in 
recent years. A major reason for this is that fracture mechanics 
provides the engineer with a rational basis to study the inter- 
action of applied stresses, defects, and material properties as 
they relate to pressure vessel integrity. A key parameter in 
this process is the material property known as the static plane 
strain fracture toughness, Kjc. The definition and methods of 
determining Kjc are carefully set out in ASTM standard test 
procedure E399 [1].  A common specimen used in determining Kjc 
is the compact tension specimen shown in Figure 1. 
In addition to KIc, it is often desirable to determine a 
so called dynamic plane strain fracture toughness, Ky,. While 
an ASTM standard for the determination of K_, does not currently Id 
exist, it is the subject of much research and discussion by ASTM 
Committee E24 on Fracture Testing of Metals.  It appears that 
this effort will lead to a standard test method similar to E399 
except that the rate of straining of the specimen will not be 
limited to very low strain rates. 
The K_ and K  behavior of typical low and intermediate 
strength steels is shown in Figure 2. For the purposes of this 
report typical low and intermediate strength steels are those 
The numbers in brackets refer to the list of references appended 
to this paper. 
steels which have yield strengths in the range of 250 to 760 
MPa (36 to 110 ksi).  It is generally agreed that at low temper- 
atures the K_ and K_, values approach a lower limit of between 
27 and 38 MPat^m (25 and 35 ksi/in.). As the temperature in- 
creases there is some point at which the levels of K—    and K , 
begin to rise. As shown in Figure 2, K_, is generally lower 
than K_ at the same temperature although the difference is 
negligible at a sufficiently low test temperature. 
Due to cost, availability of material, and ease of 
testing, it is often desirable or even necessary to obtain 
fracture toughness values, K_ or K_,, by methods other than 
ASTM E399. For this purpose, correlations between K_ or K_. 
and the results of Charpy V-notch impact (CVN) testing, nil- 
ductility transiton (NDT) temperature testing, and dynamic tear 
(DT) testing have been proposed. The Charpy test procedure, 
ASTM E23 [2], reports fracture energy and appearance with respect 
to the testing temperature as shown in Figure 3. ASTM Standard 
E208 [3] determines the NDT temperature.  This is the minimum 
temperature at which a small flaw will not grow when loaded 
dynamically to the yield strength.  The Dynamic Tear Test [4], 
which is similar to the Charpy test, utilizes impact testing to 
measure fracture energy as a function of temperature.  The CVN, 
NDT, and DT tests, which were not designed to provide the infor- 
mation necessary to predict a failure load 'or critical flaw size, 
can provide this information through correlation with the 
3. 
fracture toughness. When evaluating the proposed correlations 
it is important to consider the effects of notch acuity and 
strain rate.  KT and IL., are measured on a fatigue-cracked 
specimen at static and dynamic loading rates respectively. CVN 
and DT testing involve dynamic loading rates on notched speci- 
mens while NDT testing uses a specimen with a brittle weld crack 
initiator under dynamic loads.  In addition to the correlations 
noted, crack opening displacement (COD), J-integral, and other 
methods have been correlated with K_ for non-linear behavior 
or where specimen size is insufficient to meet ASTM standards. 
Proposed correlations from the technical literature up 
to December 1979 are summarized and compared in this report 
with a particular emphasis on the fracture toughness of pressure 
vessel steels. The relevant articles surveyed as part of the 
work reported here are listed in the Appendix.  Data was compiled 
from several sources for comparison with the correlations to 
help determine their over-all usefulness. Recommendations 
for future research are also made. 
4. 
2. K_ -CVN Upper Shelf Correlations 
Correlations between KT and CVN fall into two categories ic 
based on the regions of the Charpy curve which they describe - 
the upper shelf and the transition region as shown in Figure 4. 
Some correlations use variations of the basic CVN test procedure 
in order to eliminate the differences in notch acuity and strain 
rate between KT and CVN. These variations include using pre- Ic 
cracked specimens, static testing rates, and instrumentation. 
Such correlations are summarized with yield strength and Charpy 
ranges in Table 1. 
Two correlations between the valid E399 KIc and CVN 
have been developed in the upper shelf region.  In developing 
these correlations, it was assumed that loading rate has 
little effect in this region. However, not all materials have 
a constant fracture toughness on the upper shelf. This should 
be taken into account when using either of the correlations 
[5, 6, 7]. 
The Rolfe-Novak-Barsom correlation for IC and CVN was 
developed for a limited group of steels in the upper shelf region 
[8, 9].  This has the form: 
£^0.6* (2S . o.oi) (.. -±) 
ys ys 
K  , 2       (2.1) (^.f.5{m . 0.O5)     (in, IgP)*2 
ys     ys 
2 
Asterisks are used throughout the paper to indicate that the 
original form involved English units. 
5. 
The steels used in developing this relationship had yield 
strengths ranging from 760 to 1700 MPa (110 to 246 ksi*). All 
testing was done at room temperature. Of the eleven data points 
presented, in Figure 5, only four meet current ASTM E399 thick- 
ness requirements and those four comprise only the lowest ten 
percent of the correlation [10]. 
Additional data which agrees with the correlation is 
published in two studies for steels with yield strengths ranging 
from 410 to 900 MPa (59 to 130 ksi*) [11, 12]. Predicted re- 
sults for cast steels were slightly conservative while experimen- 
tal K_ values not measured directly but taken from J.  tests on 
5 Ni-Cr-Mo-V steel were much lower than predicted results 
[13,14,15].  These results are shown in Figure 6.  By using 
"static" CVN values from the 5 Ni-Cr-Mo-V steel in the correla- 
tion, more accurate results were obtained [15]. This greater 
accuracy shows that there is a significant sensitivity to strain 
rate in the upper shelf which should be considered in the 
correlation. 
A correlation similar to that of Rolfe, Novak, and 
Barsom was developed by Ault, Wald, and Bertolo for high strength 
steels with yield strengths ranging from 1610 to 1980 MPa 
(234 to 287 ksi*) [16].  This took the form: 
(^)2 - 0.18 £2) - 0.0011  0», Jj) 
ys ys 
(^)2 - 1.37 (2B, - 0.0.5   (1..^)* 
ys ys 
6. 
The Rolfe-Novak-Barsom correlation provides a successful 
fit for a greater range of the data than the Ault, Wald, and 
Bertolo correlation, as shown in Figure 7.  The K_ values from 
JT testing, shown on Figure 6, which are much lower than pre- 
dicted by Rolfe, Novak, and Barsom, involve two correlations - 
one from J_ to KT and one between HL.    and CVN.  However, the Ic    Ic Tic 
Ault et. al. correlation provides a conservative estimate of 
these points.  The development of the Rolfe-Novak-Barsom 
correlation from invalid data may not be detrimental since it 
fits the valid data successfully. 
By finding confidence limits to a correlation one can 
estimate a lower bound for the data. This type of result would 
seem to be more useful than a best fit correlation with a perhaps 
arbitrary factor of safety.  An approximately 95% confidence 
lower bound can be formed by lowering the best fit by two 
standard errors of estimate.  The lower bound for the original 
eleven data points of Rolfe, Novak, and Barsom is of the form: 
£c,J.0.«(Sa-o.o2)  6..J-, 
yS
 
yS (2.3) 
(^)2. ,(£E-0.1)     un.^>\ 
ys      ys 
The lower bound to the data of Ault, Wald and Bertolo is 
7. 
(^)2 = 0.17(£H) -0.0015  Ofgij) 
ys ys 
(^)2 . 1.3gH) . 0.06 ,.  ft-lbx * (in
- ^ir} 
(2.4) 
ys ys 
Considering all of the data shown in Figure 7 except the J_ 
results, a least squares fit of the form: 
£c)2 = A(CVN (2.5) 
ys       ys 
where A and B are constants, gives the following correlation: 
W rCVN (^)  -0.58(^-0.01) 
ys ys 
(^)2- 4.5(21-0.05) 
(2.6) 
ys        ys 
The resulting lower bound shown in Figure 7 takes the form: 
Ic>2 K. 
ys 
KT  2 
ys 
0.58(^ - 0.02) 
CTys 
4.5(^-0.1) 
ys 
(2.7) 
This lower bound relationship is slightly more conservative 
than the lower bound resulting from Rolfe, Novak, and Barsom's 
data but the two relationships are quite close.  It is believed 
that for the majority of the data the above relationship, Eq. 2.7, 
provides a conservative estimate of the fracture toughness. 
8. 
It should be cautioned that KT results from J_  testing may not 
be compatible with this correlation. 
As previously noted, one point to consider in evaluating 
the upper shelf correlations is that K_ and CVN are compared 
at room temperature. If there is any variation in the upper shelf CVN 
value with temperature, room temperature Charpy results may not provide 
a consistent evaluation of the toughness. A correlation of K_ 
and CVN at the beginning of their respective upper shelves might 
be more effective. To date no such correlation is thought to 
appear in the literature. Although there is a substantial 
difference in notch acuity in K_ and CVN testing, a relationship 
between the results of the two tests seems reasonable since 
Clausing showed that the states of strain are similar [17]. 
9. 
.J 
3. Fracture Toughness - CVN Transition Region Correlations 
The correlations between fracture toughness and the 
results of Charpy testing in the transition temperature region 
are of three types - simple relationships between static fracture 
toughness and Charpy impact energy, simple relationships between 
dynamic fracture toughness and Charpy impact energy, and multiple 
step relationships. The two types of simple relationships 
between IL. or K_ , and CVN where both are tested at the same 
temperature, are of the form: 
Kjc, KJd - A(CVN)n (3.1) 
The values of A and n are usually found by taking a least 
squares fit to the data in each correlation. Limits may be 
placed on the range of Charpy data to be included in the correla- 
tion. Results at the lower end of the range are subject to a 
significant contribution from the inertia of the specimen and 
values at the high end are influenced by upper shelf values [18]. 
3.1 Simple K_ -CVN Correlations 
Several of the simple correlations relate static fracture 
toughness to dynamic CVN. The effect of strain rate is not 
considered in these correlations. 
Barsom and Rolfe developed a correlation for nine steels 
[9] including data for rotor steels [19]. The correlation 
developed from Charpy data between 4 and 82 J (3 and 60 ft-lbs*) 
took the form: 
10. 
-~ = 0.22(CVN)3/2  (kPa-in, J) (3#2) 
K 
2 
-4s- = 2(CVN)3/2      (psi-in, ft-lb)* 
The yield strengths of the steels varied from 270 to 1700 MPa 
(39 to 246 ksi*). No limitations were made on the lower and upper 
ends of the Charpy range. However, if one applies limits of 7 
and 68 J (5 and 50 ft-lbs), the correlation does not appear to 
change. 
Sailors and Cortens developed a correlation for the range 
of Charpy V-notch impact values between 7 and 68 J (5 and 50 
ft-lbs*) [18]. This correlation between static IC. and dynamic 
CVN took the form: 
Kj - lA^CVN)1^2   (MPa/m, J) (3>3) 
Kj. - 15.5(CVN)1/2  (ksi/in, ft-lb)* 
To reduce the effect of scatter in the Charpy data, attention 
was focused on the lower boundary of the Charpy energy band. The 
steels involved in the correlation were A533B with a yield 
strength of 410 to 480 Mpa (60 to 70 ksi*) and two similar 
pressure vessel steels. Supporting data from irradiated A533B 
was found for Charpy values between 0 and 30 J (0 and 22 ft-lbs) 
[20]. 
Thorby and Ferguson [6] attributed the following relation- 
ship to data of Logan and Crossland [21]: 
11. 
KIc - 18.2(^p)1/2   (MPa/m, J/cm2) (3.4) 
Kjc - 43.6(^p)1/2  (ksi/in, ft-lb/in2) 
A denotes the cross-sectional area of the specimen. The data 
was from high strength steels with yield strengths ranging from 
820 to 1420 MPa(119 to 206 ksi*) and Charpy values between 5.4 
and 54 J (4 and 40 ft-lbs*).  In their original paper, Logan 
and Crossland merely noted a linear relationship and mentioned 
2 
the possibility of a correlation between static K_  [(l-v)/E] 
and dynamic CVN. 
HY60 and two experimental steels with small additions 
of titanium with yield strengths between 400 and 560 MPa (58 
and 81 ksi) were used by Thorby and Ferguson to develop the 
following correlation [6] s 
V -c/CVNv0.534 fyra    J -r   I       2\ fl     * \ K = 15(——)       (MPa/m, J/cm ) (3.5) 
K = 38(^)0'534  (ksi/in, ft-lb/in2) C      A 
K values were calculated from crack opening displacement data 
from 10 mm x 10 mm (0.4 in x 0.4 in) COD specimens. Plane stress 
conditions were assumed. The correlation did not have a well- 
defined range and parts of the upper shelf may be included in the 
small data base.  Experimental Charpy values ranged from 5 to 
125 (4 to 92 ft-lbs).  The scatter of the data was attributed 
to strain rate effects.  Experimental verification of the 
correlation for a given material was recommended before this 
12. 
relationship between static plane stress fracture toughness 
and dynamic CVN is used. 
3.2 Simple K-.-CVN Correlations 
The above correlations are between a static fracture 
toughness and a dynamic Charpy impact value and may be affected 
by the difference in strain rates.  In order to eliminate this 
strain rate effect, correlations in the transition temperature 
region have been developed between the dynamic fracture tough- 
ness and Charpy impact values, and also between static fracture 
toughness and Charpy slow bend results. 
Barsom developed a correlation for the transition 
temperature range with the limitation of similar strain rates 
for the tests [7]. The correlations were between K_, and CVN, la 
and IC and Charpy V-notch slow bend energy (CSB).  They were 
developed for ABS-C, A302-B, and A517-F steels and took the form: 
2 2 K K 
_*! . 0.64 CVN    -l£ . 0.64 CSB   (kPa-m, J) 
E E (3.6,7) 
2 2 K K 
-^-    - 5 CVN      -~ - 5 CSB      (psi-in, ft-lb*) 
Predicted KT , values from CVN test results for two bridge steels id 
with yield strengths of 250 and 345 MPa (36 and 50 ksi) were 
compared with results of K  testing [7]. The predicted results 
were higher than the experimental results at low temperature but 
agreed at the beginning of the transition region. 
13. 
By combining data from Barsom and Rolfe [9] with data 
on A533B [22, 23], Sailors and Corten developed a data base for 
the following correlation between dynamic K_, and standard 
CVN results [18] : 
K^ = 15.5(CVN)0,375   (MPa/m, J) (3.8) 
K^ - 15.873(CVN)0,375  (ksi/in, ft-lbs)* 
The yield strengths of the steels were between 270 and 815 MPa 
(39 and 118 ksl*) and the range of the experimental Charpy values 
was between 3 and 95 J (2 and 70 ft-lbs*). Limiting the range 
of Charpy values to between 7 and 68 J (5 and 50 ft-lbs*), as 
Sailors and Corten treat their IC. correlation, would 
affect the correlation by increasing the.constant, A, and lower- 
ing the exponent n. 
A correlation for the transition temperature range to 
be used with a temperature shift, allowing for strain effects 
as described in section 4.3, was developed for CVN less than 
50 J (37 ft-lbs) by Marandet and Sanz [24]. Although Marandet 
and Sanz did not express it as such, this can be considered as 
a relationship between dynamic KT, and dynamic CVN, which takes 
the form: 
KT, = 19(CVN)1/2   (MPa/m, J) (3.9) Id 
KTJ = 20(CVN)1/2   (ksi/in, ft-lb) Id 
14. 
Much of the data was taken from a 2.25 Cr-lMo steel treated 
so the yield strength ranged from 303 to 820 MPa (44 to 119 ksi). 
Experimental Charpy data varied between 5 and 50 J (4 and 37 ft-lb). 
A correlation was developed by Barsom for precracked 
Charpy specimens in order to eliminate notch effects as well as 
strain rate effects [7]. Using the materials from Barsom's 
KT,-CVN correlation, a data base of reasonable size was used in 
the development of the following relationships where strain rate 
effects were restricted: 
2 2 K K_ 
-^ = 0.52 PCI -p- - 0.52 PSB  (kPa-m, J)      (3.10,11) 
2 2 K_, K_ 
-±2- » 4 PCI    -^ - 4 PSB    (p.si-in, ft-lb) 
PCI is the precracked Charpy impact energy and PSB is the pre- 
cracked Charpy slow bend energy. 
A correlation between K and precracked Charpy impact 
energy per unit area was developed for four data points by Thorby 
and Ferguson [6]. This took the form: 
K = 25 (l£±)0-5       (MPa/m, J/cm2) (3-12) 
c       A 
K = 60 (IP!)0'5  (ksi/in, ft-lb/in2) 
C        A 
K values were obtained from crack opening displacement results 
under plane stress conditions.  The data base used in develop- 
ing this relationship was so small that any correlation would be 
subject to question. 
15. 
Two correlations between static fracture toughness and 
precracked Charpy slow bend values have been developed in addi- 
tion to Barsom's correlation. The first was developed by Ronald, 
Hall, and Pierce for titanium and aluminum alloys and steel 
[25] and took the form: 
K2 - 5_  iSB (3.13) 
*lc   2(l-v2)   A 
2 
Precracked slow bend results ranged from 3 to 16 J/cm (16 to 
2 
77 ft-lbs/in *).  There is some theoretical justification for this 
2 
correlation which fits the data closely from 3 to 11 J/cm 
2 (16 to 50 ft-lb/in *). Outside this range the data is lower 
than predicted. 
The second correlation between static K_ and precracked 
Charpy slow bend results is also based on steel, aluminum, 
and titanium alloys with yield strengths between 310 and 2080 
MPa (45 and 301 ksi*) [26].  This correlation took the form: 
K 2 
-g2- =0.95 + 0.45 (^jp)   (MPa-m, J/cm2)     (3.14) 
K 2 
-Is- - 5.4 + 0.542 (^p)  (ksi-in, ft-lb/in2)* 
2 
Precracked slow bend results ranged from 0.6 to 33 J/cm (3 to 
2 
158 ft-lb/in *) for the large data base drawn from three sources 
[27, 28, 29]. 
Instrumented precracked Charpy slow bend and impact 
tests on T1-6A1-4V prompted the following correlation [30]: 
16. 
KIc = 0.52   (^p-) + 7.4       (MPa/m,  J/cm2) (3.15) 
PPT 9 KIc - 0.10   (^j±) + 6.7       (ksi/in,  ft-lb/cni )* 
^c " °*89   (^A^  + 17,8     (MPa/m»  J/cm2) (3.16) 
KIc  - 0.17   (£|^)  + 16.2     (ksi/in,   ft-lb/in2)* 
Instrumented Charpy V-notch impact tests for low and 
medium strength steels in the transition region resulted in the 
following correlation between the load at fracture (Pf ) 
the dynamic fracture toughness [26]: 
K^ - 0.02 Pf  (MPa/m, kg) (3.17) 
KJJ - 8.2 Pf        (psi/in, lb)* 
The correlation was developed using the effects of notch root 
radius and the stress analysis of a three point bend fracture 
as an approximation of the Charpy test. 
The simple relationships in the transition region are 
limited to correlating K  or K  values and Charpy test results 
at the same temperature. 
3.3 Multiple Step K_ -CVN Correlations 
There are several more involved procedures for correla- 
ting K_ and CVN. Two of these involve a temperature shift 
Ic 
and a IC. ,-CVN correlation for the temperature transition region. 
17. 
In addition, three procedures have been developed to predict 
the entire IC. -temperature curve. 
In the transition region, it has been proposed that K- 
and K_ , curves are similar but separated by an approximately 
constant difference in temperature [7, 24],  If the magnitude 
of this temperature difference is known, a relationship between 
KId and CVN can be used. The temperature shift allows for the 
difference in strain rates between VL.    and K_. or CVN as shown 1c     Id 
in Figure 8. 
A dependence of the temperature shift (AT ) on the room 
temperature yield strength (a     ) is used by Barsom [7]: 
AT - 119 - 0.12 a (C°, MPa)  250 < a   < 990 MPa (3.18) 
s ys ys 
AT =» 0 a > 990 MPa 
s ys 
AT - 215 - 1.5 a     (F°, ksi)*  36 < a   < 140 ksi 
s ys ys 
AT - 0 a   > 140 ksi 
s ys 
These equations can be used with Barsom's correlation of the form: 
K  2 
-1^ - 0.64 CVN  (kPa-m, J) (3.19) E 
K 2 
-§^ - 5 CVN     (psi-in, ft-lb)* 
to provide a two-step correlation between K_ and CVN. 
Marandet and Sanz observed that if one somewhat 
arbitrarily picks the temperature corresponding to 28 J (21 ft-lb) 
18. 
from the Charpy curve T_R (T--), and the temperature correspond- 
ing to a Kx level of 100 MPa/m (91 ksi/in), T   (T ), then a 
correlation exists between the two [24], This correlation is 
shown in Figure 9 and takes the form: 
T100 - 1,3? T28 + 9       (°C'  MPav/m»  J> (3.20) 
T        - 1.37 T21 + 4       (°F,  ksi/in,   ft-lb) 
The value of K_ is calculated from CVN results according to: 
KIc - 19(CVN)1/2   (MPa/m, J) (3.9) 
KIc = 20(CVN)1/2   (ksi/in, ft-lb) 
and then shifted so that K_ of 100 MPa/m (91 ksi/in) is located 
at T_n0 (T_.). The temperature correlation seems questionable 
since a least squares fit by the current authors to the data 
reported by Marandet and Sanz gives a correlation of the form: 
T100 " 1'48 T28 + °*55   (°C' MPa,/m' J)        (3.21) 
Tgi - 1.48 T2 - 14     (°F, ksi/in, ft-lb) 
Marandet and Sanz noted that temperatures corresponding to CVN 
values anywhere between 20 and 30 J (15 and 22 ft-lb) and K^ 
levels between 60 and 100 MPa/m (55 and 91 ksi/in) could have 
been chosen. The authors developed a similar correlation between 
a temperature corresponding to CVN of 20 J (15 ft-lb) and T..- 
(Tq-) using the data of Marandet and Sanz.  This correlation 
is also shown in Figure 9 and takes the form: 
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T10Q * 1.53 T2Q + 27.2   (°C, MPa/m, J)       (3.22) 
Tgi = 1.53 T 5 + 32      (°F, ksi/in, ft-lb) 
This possibility of two or more such linear relationships 
highlights some of the futility and difficulty associated with 
empirical correlations. 
Begley and Logsdon determined that, for the temperature 
corresponding to 100 percent brittle fracture appearance from CVN 
testing, K  can be predicted as a function of yield strength 
[31]. The relationship is of the form: 
K_ 
-iS. - 0.072/ra - 0.45/in (3.23) 
a ys 
Use of this correlation by itself does not provide an adequate 
prediction of the K_ curve. As pointed out by Rolfe, Rhea, and 
Kuzmanovic [32], the response of two materials with identical 
NDT or 15 ft-lb CVN temperatures may have dramatically different 
behaviors at higher temperatures as shown in Figure 10. A 
second measurement point is advisable to determine the rate of 
increase of measured toughness properties in the transition 
region. 
Iwadate, Karaushi, and Watanabe [11] combined the Rolfe- 
Novak-Barsom upper shelf correlation, the concept of excess 
temperature proposed by Brothers, Newhouse, and Wundt [33], and 
the Begley-Logsdon relationship in order to fit the behavior of 
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all steels they studied onto one curve.  K_ is normalized by 
using K_ ,.„, the fracture toughness at the upper shelf CVN 
Ic—US 
level.  The master plot shown in Figure 11 related KIc/KIc_us to 
the excess temperature, T-T , where T is the temperature where 
K„. /K,. „„ is 0.5.  The correlation developed from 2-l/4Cr 
Ic Ic-US 
developed from 2-1/ACr-lMo pressure vessel steel and Ni-Mo-V 
rotor steel provided a good fit for these steels. 
An evaluation of the plastic zone size was used by 
Tetelman, Wullaert, and Ireland in developing the following 
relationship for low temperature K  or K  [34] : 
KIc d " 2*9 aJexP<^ - 1) ~ U1/2/P0        <3'24> 
y 
where a    is the yield strength evaluated at the relevant tempera- 
ture and strain rate, o*  is the microscopic cleavage stress, and 
p  is the maximum notch root radius of which the fracture tough- 
ness is independent.  The IC. relationship uses slow bend Charpy 
V-notch tests while instrumented impact Charpy V-notch tests are 
used in evaluating KT ,. After the temperature is determined 
where the failure load is 80% of the load required for general 
yield, P  , a single static or dynamic fracture toughness test 
sy 
at that temperature finds p since from notched bar theory [35] at 
this temperature, a = 33.3 P  and a * = 2.18o .  Subsequently y       gy     f       y 
the Charpy test results determine the fracture toughness as 
long as; 
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KT   A 
-i£-i5. < 0.40 (3.25) 
a ys 
The relationship was demonstrated for four pressure vessel 
steels with yield strengths ranging from 270 to 814 MPa (39 to 
118 ksi*). 
The multiple step correlations are the most complex of 
the three types of Charpy transition region correlations.  Two 
of these correlations use temperature shifts to include strain 
rate effects while the other three correlations use methods 
other than a direct correlation with Charpy energy results. 
3.4 Material Dependence of K-.-CVN Correlations 
The degree of dependence of the correlations on indivi- 
dual materials can be shown using data for low and medium 
strength steels compiled from several sources [7, 9, 36> 37, 38, 
39, 40].  Individual correlations between dynamic fracture 
toughness and Charpy V-notch impact energy were found by the 
authors for each material and reported in Table 2. The range 
of Charpy results for the correlations was limited to between 
7 J (5 ft-lbs*) and the average of the upper and lower shelf 
values.  The relationships expressed in the table are of the 
form: 
K^ - A(CVN)n (3.1) 
The constants, A and n, are for an approximately 95% confidence 
lower bound formed by taking two standard errors of 
22. 
estimate from the least squares fit to the data.  This type 
of correlation should provide a conservative estimate of the 
dynamic fracture toughness.  The difference in fracture tough- 
ness behavior between materials can be noted in the exponent, 
n, which varies between -0.05 and 0.41. 
3.5 Evaluation of the Transition Region Correlations 
In order to choose a correlation between fracture 
toughness and Charpy test results in the transition region, 
for a particular material and application, an evaluation of the 
various relationships is useful.  It is obviously desirable to 
choose a correlation for the material under consideration. For 
instances where this is not possible, the current authors have 
evaluated the correlations and recommended those which are most 
likely to give conservative results. The relationships are 
first evaluated in the three groups of KT and CVN, K_, and CVN, 
and multiple step correlations, and then the various methods 
are compared. 
The simple correlations between static fracture tough- 
ness and Charpy V-notch impact values are quite close to each 
other if the range of Charpy values is limited to between 7 and 
68 J (5 and 50 ft-lbs) as shown in Figure 12.  The minimum of 7 J 
(5 ft-lbs) attempts to restrict the effects of specimen 
inertia and machine noise on the results. The influence of 
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upper shelf values on the correlations is eliminated by setting 
a maximum value. The largest difference between correlations is 
at the lower end of the Charpy range between the Barsom-Rolfe 
correlation and the correlation developed by Thorby and Ferguson 
from the data of Logan and Crossland.  Barsom and Rolfe's 
correlation is the most conservative at the lower end of the 
range while the most conservative relationship above 19 J 
(15 ft-lb) is that of Sailors and Corten.  The correlations of 
Barsom and Rolfe, and Sailors and Corten have larger data 
bases and some independent support for the K_ -CVN relationships. 
A more conservative estimate of K_ would be provided by the 
relationship shown in Figure 11: 
KIc =» 8.47(CVN)°'63    (MPa/m, J) (3 2fi) 
KIc = 9.35(CVN)0*63   (ksi/in, ft-lb)* 
which provides a lower bound to the K-  -CVN correlations.  This 
correlation is recommended where such a degree of conservatism 
is possible. 
The correlation with Charpy pre-cracked and instrumented 
impact Charpy results in the transition region do not have enough 
data for pressure vessels steels to evaluate their ability to 
predict the fracture toughness.  It should be noted, however, 
that the precracked slow bend correlations are reasonably close 
in the range of 7 to 68 MPa (5 to 50 ft-lbs) as shown in Figure 
24. 
13.  The correlations between static fracture toughness and 
precracked Charpy slow bend results are linear relationships 
and have the advantage of being evaluated at similar strain 
rates. 
The dynamic fracture toughness and Charpy V-notch 
impact energy correlations in the transition temperature region 
are compared to the compiled data on low and medium strength 
steels [7, 9, 36, 37, 38, 39, 40] and to each other in Figure 
14.  The equivalent K_, correlation of Marandet and Sanz is 
above all the data for half of the CVN range shown. The 
correlations of Barsom and Sailors and Corten are quite close to 
each other and to the least squares fit to the data which takes 
the form: 
Kjd = 35(CVN)0,17   (MPa/m, J) (3.27) 
Kjd - 34(CVN)0,17   (ksi/in, ft-lb)* 
Sailors and Corten's correlation is the most conservative of 
these relationships for much of the range shown. Again, 
an approximately 95% confidence lower bound gives a more 
conservative estimate of KTJ.  This correlation is of the Id 
form: 
KId - 22.5(CVN)0*17   (MPa/m, J) (3.28) 
Kjd-- 21.6(CVN)°*17   (ksi/in, ft-lb)* 
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This correlation provides the most conservative estimate of 
K_, but Barsom's correlation and that of Sailors and Corten la 
provide similar results when such conservatism is precluded by 
other design limitations. 
The correlations and temperature shifts of Barsom and 
Marandet-Sanz are compared to data from A533B steel from 
Hawthorne and Mager [20] in Figure 15.  In addition, the lower 
bound dynamic fracture toughness correlation translated by 
Barsom's temperature shift is shown.  For this particular material, 
lines fitted to the predicted results of Barsom, and Marandet 
and Sanz would be quite close.  The lower bound curve is perhaps 
overly conservative and does not provide a good indication of 
the transition region.  Begley and Logsdon predict K_ of 37 MPa/tn 
Ic 
(34 ksi/in) at -18°C (0°F) which is quite a distance from the 
experimental results. The temperature data available was 
insufficient to evaluate the correlation of Iwadate, Karauski, 
and Watanabe or the plastic zone size correlation of Tetelman, 
Wullaert, and Ireland.  The latter does have the disadvantage of 
needing one fracture toughness test while the method of Iwadate, 
Karaushi, and Watanabe is based only on Charpy V-notch impact 
energy. 
The three correlation methods can now be compared.  The 
K-    predictions cannot be compared directly to the predictions 
of K_ but the advantages and disadvantages of each can be 
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considered.  If design considerations include dynamic loading 
conditions, IC., may be useful.  The K  correlations are for 
similar strain rates rather than neglecting strain rate effects 
as the simple K-  -CVN correlations do.  The simple K-. 
relationships are compared to the multiple step correlations 
and the A533B data of Hawthorne and Mager [20] in Figure 16. 
The multiple step correlations which include the effect of 
strain rate provide a better prediction of the temperatures 
at which IC. rises rapidly. The simple correlations may 
predict the slope in this region more accurately but at the 
wrong temperature. A multiple step correlation would be pre- 
ferred by the current authors for static loading conditions since 
it would provide for strain rate effects and a K_, correlation 
would obviously be preferred for dynamic loading conditions. 
27, 
4. KTJ-NDT Correlations 
 Id  
The dynamic fracture toughness has been correlated with 
the dynamic yield strength at the nil-ducility transition (NDT) 
temperature. While this method does not predict the entire K_,- 
temperature curve, a prediction of a K , value at the NDT point 
is possible. At the NDT temperature the stress level necessary 
for crack propagation is approximately the dynamic yield strength. 
The size of the starting crack was estimated as shown in Figure 
17, by Irwin et al. [41] after examining many broken NDT specimens. 
From these dimensions and the approximate stress level, a value 
for the dynamic fracture toughness could be determined in the form: 
KId(NDT) - C • ayd (4.1) 
where the constant C was 0.12/m (0.78/in*). This calculation 
corresponds to a ratio of depth to surface length of the semi- 
elliptical crack equal to 1:4. Pellini observed that the flaw 
geometry was closer to a ratio of 1:3 in these dimensions with 
a resulting constant of O.ll/m (0.7/in*) [42], Shoemaker and 
Rolfe found Pellini's results more closely estimated IC-, for 
five structural steels [38].  Rolfe and Barsom [43] attributed 
a constant of 0.10/m (0.64/in*) to the Shoemaker and Rolfe 
article where that value can be observed to be the average of 
four of the five structural steels which are in the range 
0.096 to O.ll/m (0.6 to 0.7/in*). A value of the constant of 
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0.80/m (0.5/in*) is also attributed by Rolfe and Barsom [43] 
to Pellini. Rolfe and Barsom suggest 0.096/m (0.6/in) as a 
reasonable value for the constant, C. To further simplify this 
method, the dynamic yield strength at the NDT temperature can 
be estimated from the room temperature static yield strength, 
a  , as follows [43]: ys 
a   , » a      + 172MPa (4.2) yd   ys 
a  „ - a      +25 ksi* yd   ys 
By comparing the estimated values of o , to K_. in Shoemaker 
and Rolfe's data, a constant of 0.107/m (0.67/in*) provides an 
estimation of K_, close to that of Rolfe and Barsom with o , 
measured directly. While there is not enough data to adequately 
compare these correlations, further work in this area would be 
of interest since the K.-, level at the NDT temperature can be 
simply.estimated when the NDT temperature is determined. 
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5.  K-DT Correlations 
A relationship between the results of dynamic tear (DT) 
tests and static or dynamic fracture toughness has been established 
for some materials.  By using the scales of the Ratio Analysis 
Diagram (RAD), DT energy measurements can predict K_ within 
±16.5 MPa/m (15 ksi/in*) [26, 45, 46].  This relationship is 
demonstrated for high strength steel castings [26]. 
In work performed by Roberts et al. [36, 37], the 
fracture energies were measured as a function of test tempera- 
ture while performing K , tests.  These energies which are 
similar to DT energies were converted to the non-dimensional 
form: 
. A E • DTE 
6DTE * B  a   , (5,1) yd 
where B is the plate thickness, E is Young's modulus, DTE is the 
energy absorbed and a   , is the dynamic yield strength at the 
test temperature. A dimensionless representation of K_, can be 
correlated with B^p as shown in Figure 18.  This takes the form : 
v 
X ■£(;rT)-0-1236DTE + 0-517 (5-2) Id     yd 
These two correlations cannot be compared since the 
first predicts K_ and the second predicts K_,.  However, the 
accuracy of either correlation should be verified before that 
relationship is used. 
30. 
6. Discussion 
In examining the adequacy of the fracture toughness 
correlations, the effect of data scatter, plate position, and 
the degree to which fracture toughness and the various alterna- 
tive test parameters can be related should be considered. 
A certain amount of scatter can be expected in the 
results of both the alternative test methods and plane strain 
fracture toughness testing.  This does not usually interfere 
with the use of the results.  However, when the results of two 
test methods are correlated, the scatter exhibited in the 
relationship is considerable.  This scatter is due to the 
combined effects of the scatter of the two methods and the 
difficulties in developing such a relationship.  The effects 
of scatter can be decreased by using a rather large data base. 
Clearly, more data is necessary for this process than for 
establishing a correlation between two parameters which exhibit 
little experimental scatter. 
The effect of plate position will introduce some of 
the scatter in possible alternative test methods as well as 
in fracture toughness testing.  In Charpy impact testing for 
example, 20J (15 ft-lb*) temperatures have been found to vary 
by almost 11°C (20°F*) among the four corners of a 3.6 m x 
1.8 m x 38 mm plate (12 ft x 6 ft x 1-1/2 in*) of A36 steel [46] 
At 4°C (40°F*), the CVN level varied 27 J (20 ft-lbs*) on the 
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average among the same four corners.  Similar effects may 
exist for other methods of testing.  The question of data 
scatter with plate position should receive careful attention 
before assessing the accuracy of a correlation. 
One difficulty that has been noted for the IC -CVN 
correlations in particular, involves the effects of austenitizing 
temperature. Variations in toughness with austenitizing temper- 
ature in AISI 4340 steel produce contradictory indications in 
K_ and CVN values [47, 48]. As the austenitizing temperature 
is increased, K_ increases but CVN drops.  The effects on NDT 
and DT testing are not known.  In additional consideration 
of the degree of relationship between fracture toughness and 
Charpy results, almost all of the exponents, noted in the indi- 
vidual material correlations between K_, and CVN in Table 2, 
are much less than one half the value proposed by most df the 
correlations. This indicates less of an effect of Charpy 
impact energy on the dynamic fracture toughness than has been 
expected.  Such differences in correlations may result for 
any of the relationships discussed as they are compared to 
additional data. 
These difficulties with the correlations show the need 
for more testing. Not only would more testing be useful in 
checking the accuracy of the correlations, but the effect of 
scatter and plate position could be explored. 
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7. Conclusions and Recommendations 
The examination of possible correlations between IC or 
K_ , and other toughness parameters shows clearly that no one 
single proposal will fit all the data available.  Since there is 
a marked effect of material on correlations, it is reasonable to 
prefer a correlation developed for a given material when that 
material is being considered.  For materials where this is not 
possible, the following guidelines may be used. 
1. The use of a correlation using Charpy results 
is recommended at this time since the Charpy correlations have 
been studied more than the other types of correlations. 
2. In the Charpy upper shelf region, a conservative 
correlation of the form 
ci2  n  r«rCVN n nn\ ,        J £S)  -0.58(^-0.02)    (..,£) (2.7) 
ys ys 
(fie)  . 4.5 (CVN _   j f^ib K
a    ' ^a      J ' ksi ys ys 
* 
is recommended. 
3. In the transition region when dynamic loading 
conditions are being used, the following conservative relation- 
ship between IC, and CVN is recommended. 
KId - 22.5 (CVN)0,17   (MPa/m, J) 
K^ - 21.6 (CVN)0,17   (ksi/in, ft-lb)*     (3.28) 
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4.  For correlating static fracture toughness with Charpy 
test results in the transition region, the dynamic fracture 
toughness correlation and temperature shift method of Barsom is 
recommended. 
Kic(T"ATs) " hd(T) a'1) 
where 
h 2 
~Y-    - 0.64 OVN (kPa-m, J) (3.19) 
AT - 119 - 0.12o  (C°,MPa)  250 < a      <  990MPa  (3.18) 
s ys    ' ys 
AT » 0 a      >  990MPa 
s ys 
K 2 
-^-    - 5 CVN (psi-in, ft-lb)* 
AT - 215 - 1.5o   (F°, ksi) 36 < a      <  UOksi 
s           ys ys 
AT - 0 0  > UOksi 
s ys 
Additional study is recommended for all of the correla- 
tions. The following recommendations for future research 
are offered: 
1.  It is recommended that a round robin test program 
be undertaken to establish the typical scatter to be expected 
in K_ or KT, and corresponding alternative test methods for 
typical pressure vessel steels. 
34. 
V 
2. It is recommended that variations in fracture 
toughness and alternative toughness parameters as a function of 
plate position in the planar and thickness directions be 
studied. 
3. It is recommended that minimum standards for report- 
ing K_ and K_, in the literature be proposed. 
4. It is recommended that a central agency or organi- 
zation be established or designated to collect typical data 
in terms of K_ , CVN, etc. from pressure vessel manufacturers 
and suppliers. 
5. It is recommended that future considerations of an 
upper shelf correlation between IC. and CVN involve the data 
points at the beginning of the upper shelf rather than data 
points at constant temperature. 
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SUMMARY 
1 
OF  RESULTS 
rABLE   2 
FOR   KId   -  CVN CORRELATION 
Mechanical 
Valid Kld Data Properties 
a a B y u 
//pts A        n //pts (In) (ksi) (ksi) Ref. 
SAE 1035 10 34.8 0.16 4 1 39.7 76.2 19 
6 2 44.3 89.7 19 
A3 6 16 23.5 0.14 3 2 45.0 76.0 19 
8 3 35.9 67.1 29 
5 36 75 33,34 
A242 15 44.9 0.05 4 1/2 53.9 73.5 19 
7 1 50.9 74.8 19 
4 2 45.0 72.0 19 
A440 18 27.4  0.15 1 1/2 62.6 83.2 19 
13 1 51.8 78.8 19 
4 2 62.5 82.0 19 
A441 17 13.4 0.41 13 1 55.9 87.0 19 
4 2 55.0 94.0 19 
A514 12 26.2 0.09 2 3/8 111.4 116.0 29 
6 1,2 120 130 36 
4 1,2 111 121 36 
A517 7 15.2 0.27 4 1 118 129 35 
3 1 118 129 37,35 
A572 5 21.0 0.24 5 1.47 50 82 38 
A588 33 20.1 0.18 9 1/2 68.5 94.0 19 
13 1 69.1 80.5 19 
5 2 62.5 87.0 19 
5 3 45.9 72.1 29 
1 3/4 59.6 81.3 29 
All 
Materials 133 21.6 0.17 
The IC.-CVN Correlation is of the form - K^ - A(CVN) 
B is the thickness of the test specimen. 
n 
47 
DIAM » 1.000 
FIGURE 1 - ASTM E399 COMPACT TENSION SPECIMEN 
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<FT*LB/KSI> 
o.oi ao* ao« aoc aw 
CVN/ <ryt       ( J/MPA ) 
FIGURE 5 - ROLFE-NOVAK-BARSOM CORRELATION WITH THE 
ORIGINAL DATA AND THE VALID REGION SHOWN 
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FIGURE 7 - COMPARISON OF ROLFE-NOVAK-BARSOM AND AULT 
ET AL. CORRELATIONS WITH THE LOWER BOUND RELATIONSHIP 
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